INTRODUCTION
Most of the knowledge about the composition and function of small acid-soluble proteins (SASPs) originated from studies using Bacillus (Setlow, 1988) . In contrast, little is known about SASPs of strictly anaerobic sporeforming bacteria and recent studies have dealt only with the SASPs of the food poisoning pathogenic species Clostridium perfringens (Raju et al., 2006 (Raju et al., , 2007 Li & McClane, 2008; Li et al., 2009) . With regard to Clostridium acetobutylicum, a Gram-positive, strictly anaerobic, endosporeforming bacterium, nothing was known about its SASPs on the biochemical level when we initiated this study. To some extent this was surprising as C. acetobutylicum has evolved into a model organism of non-pathogenic clostridia especially due to its ability to produce the biofuel butanol (Dürre, 2011; Lütke-Eversloh & Bahl, 2011) .
The resistance of bacterial endospores is determined by their unique structural organization, low core water content, high levels of calcium dipicolinic acid and the function of SASPs (Setlow, 2007) .
SASPs comprise 60-75 aa resulting in M r values of 7-10 kDa (Setlow, 1975a, b) . Major and minor SASPs could be categorized into two classes: (i) a/b-type and (ii) c-type (Setlow, 1988) . The latter are not able to bind DNA and are expected to be restricted to the genus Bacillus (Francesconi et al., 1988; Vyas et al., 2011) . Usually, most SASPs are encoded by monocistronic genes termed ssp, which are expressed only in the developing forespore compartment, and immediately after protein biosynthesis a/btype SASPs bind DNA up to saturation with the effect of DNA protection by dense packaging (Lee et al., 2008; Ge et al., 2011) . During spore outgrowth, SASPs serve as an important source of energy and building blocks for the de novo protein biosynthesis (Setlow, 1988; Driks, 2002) .
To this end, in Bacillus SASPs are initially and specifically cleaved by a spore-specific germination protease (GPR) (Setlow, 1976) . However, the existence of further SASP cleaving activity has been reported (Postemsky et al., 1978; Sanchez-Salas et al., 1992) and, recently, YyaC of Bacillus subtilis has been suggested as candidate for a second GPRlike protease (Wang et al., 2006; Carroll, 2008) .
Here, we present a comprehensive study of six putative SASPs of C. acetobutylicum including five genes, cac2365, cac1522, cac1620, cac2372 and cac1487, that have been annotated in the genome (Nölling et al., 2001) , complemented by a new candidate gene, cac1663 (Galperin et al., 2012) . The ability of all six recombinant proteins, C-terminally fused with a Strep-tag II, to protect DNA in vitro was analysed, and specific cleavage of SspB and SspD by recombinant GPR and YyaC of C. acetobutylicum was examined. It is notable that thus far, enzyme activity has been shown only for GPR of Bacillus (Carroll & Setlow, 2005 ). Here we demonstrate for the first time to our knowledge germination protease-like activity of a YyaC protein which is also formed as inactive zymogen, becoming activated by autocleavage (Illades-Aguiar & Setlow, 1994) .
We present strong evidence that SspA, SspB, SspD, SspF and SspH of C. acetobutylicum can be considered as functional a/b-type SASPs. Among them, SspA is the only major a/btype SASP, based on its dominant occurrence in protein extracts from dormant spores of C. acetobutylicum. By contrast, Tlp was unable to bind DNA and therefore its biochemical function as an SASP is discussed.
METHODS
Bacterial strains, plasmids and culture conditions. The bacterial strains and plasmids used in this study are listed in Table S1 (available in the online Supplementary Material). Cultures of E. coli were grown in LB medium at 37 uC or at 30 uC during the expression of SASPs (see below). E. coli strains were stored in LB/glycerine stocks at 270 uC according to standard protocols (Sambrook & Russell, 2001 ). C. acetobutylicum ATCC 824 was grown under anaerobic conditions at 37 uC in complex CGM medium or chemically defined minimal medium MS-MES (Voigt et al., 2014) . C. acetobutylicum was stored as a spore suspension at 220 uC and the non-sporulating C. acetobutylicum spo0A mutant was maintained in glycerine-CGM stocks at 270 uC (Wietzke & Bahl, 2012) . When necessary, the growth medium contained the following antibiotics: chloramphenicol (25 mg ml 21 ), ampicillin (100 mg ml
21
) or erythromycin (20 mg ml
).
Construction of overexpression plasmids and detection of recombinant Strep-tag fusion proteins by Western blot analysis. Each target gene (ssp, gpr, yyaC) was PCR-amplified using gene-specific primers '_fw_BamHI' and '_rev_Cfr9I' (Table S2) and chromosomal DNA of C. acetobutylicum as template. Thereby the restriction sites BamHI (59) and Cfr9I (39) were introduced and used for in-frame exchange of the hydA gene of the expression vector pTcatP (M. Wietzke, University of Rostock) by the target gene, simultaneously ensuring a C-terminal fusion with a Strep-tag II (IBA). Correct insertion into pT-catP was verified by DNA sequencing (LGC Genomics; using primers 'pT_fw' and 'pT_rev', Table S2 ). For the overexpression of recombinant SASPs under control of a constitutive thiolase promoter (Girbal et al., 2005) , the respective plasmid was transferred into E. coli BL21 and a 9-h-old ampicillin-resistant colony was used to inoculate a preculture (5 ml LB), which was grown for 8 h at 30 uC (150 r.p.m.), before a main culture (250 ml LB) was inoculated and grown for a further 6 h under the same conditions. GPR and YyaC were overexpressed in E. coli DH5a at 37 uC for 9 h (250 ml LB). Cells were harvested (6000 g, 4 uC, 10 min) and disruption was achieved by sonication using an Ultrasonic Processor UP200S (Hielscher) with an S2 Sonotrode (10|10 s, 80 cycles at 80 %). Purification of the recombinant proteins was carried out following the manufacturer's instructions (www.iba-lifesciences.com). The expression and purification procedure was repeated four to six times until enough recombinant protein was available. Pooled protein fractions were dialysed overnight at 4 uC against distilled water, lyophilized (Labovac PK8S; Ilmvac) and finally SASPs were dissolved in 100 ml TAE buffer (10 mM Tris-acetate, 1 mM EDTA, pH 7.0) and GPR and YyaC in 200 ml distilled water. Protein concentration was determined after Bradford (1976) and protein homogeneity was analysed using 10-20 % gradient SDS-PAGE. Protein transfer to nitrocellulose membranes followed standard protocols (Sambrook & Russell, 2001 ). Detection of recombinant proteins was done by Western blot analysis using Strep-Tactin AP conjugate and NBT/BCIP (Roche) according to the manufacturer's protocol (www.iba-lifesciences.com).
RNA isolation, semi-quantitative RT-PCR and 59 rapid amplification of cDNA ends (RACE). Due to transcriptomic studies of ssp genes of C. acetobutylicum by Jones et al. (2008) , C. acetobutylicum and the non-sporulating spo0A mutant strain were grown in 200 ml MS-MES batch cultures and sampled after *27 h (OD 600 of 3.7-4.0) in the early stationary growth phase. Samples were centrifuged (5000 g, 5 min, 4 uC), and the cell pellets were shock-frozen in liquid nitrogen and stored at 270 uC until total RNA was isolated using the hot-phenol protocol described by Fischer et al. (2006) . Semi-quantitative reverse transcriptase PCR (RT-PCR) with 30 amplification cycles was performed following the protocol of Janssen et al. (2012) using the gene-specific primers '_fw' and '_rev' (Table S2) . Determination of transcription start points (59 end mapping) was realized using primers '_S1' and '_S29 (Table S2 ) and a 59/39 RACE kit (2nd Generation; Roche,) according to the manufacturer's instructions in combination with DNA sequencing of the 59 ends (LGC Genomics).
SASP-nucleic acid binding. The binding of recombinant clostridial SASPs to DNA was assessed as previously described (Raju et al., 2006) . Briefly, for DNA-binding assays, 1 mg Pst I-linearized plasmid DNA (pT-catP) or 1 mg chromosomal DNA of C. acetobutylicum was mixed with 3 mg recombinant SASP in 25 ml TAE buffer and incubated for 2 h at 37 uC. Then, 3 ml 10| DNase I buffer and 2 ml DNase I (1 mg ml 21 ) (AppliChem) were added and incubation was continued for 10 min until the reaction was stopped by addition of 100 ml SDS solution [1.25 % (w/v) SDS, 25 mM EDTA] with 13 ml NaCl (5 M) and 600 ml ethanol (96 %, v/v), followed by overnight incubation at 220 uC (DNA precipitation) and centrifugation (13 000 g, 30 min, 4 uC). Pellets were washed twice in ethanol (70 %, v/v), airdried, dissolved in 10 ml distilled water and analysed by agarose gel electrophoresis [1.5 % (w/v) agarose] and ethidium bromide staining.
Isolation of acid-soluble proteins from C. acetobutylicum endospores. Dormant spores of C. acetobutylicum were isolated from a 9.0 l culture grown in a BIOSTAT fermenter system (BBI) using a sporulation minimal medium (Bahl et al., 1982, modified) 4 .7H 2 O, 0.015 g; biotin, 0.1 mg; thiamine hydrochloride, 2 mg; p-aminobenzoic acid, 2 mg; butyric acid, 7.2 g; and resazurin, 1 mg. C. acetobutylicum cells were grown for 5 days at 37 uC before dormant spores were purified by a protocol modified from that of Tavares et al. (2013) .
Briefly, spores were dissolved in 50 mM Tris/HCl (pH 7.2) with lysozyme (1 mg ml 21 ) (AppliChem) and incubated for 1 h at 37 uC. Spores were pelleted, washed once with distilled water and suspended by vortexing in SDS solution (0.5 %, w/v). Finally, the pelleted spores were washed three times with distilled water, resulting in spore suspensions of very high purity (i99 %) which were stored at 220 uC.
To extract proteins from spores, a method adapted from Setlow (1975a, b) was used. Spores (6|10 8 ) were suspended in 500 ml extraction buffer [3 % w/v acetic acid, 30 mM HCl, 20 mM PMSF, 50 mM EDTA] together with 400 mg glass beads in 2 ml impact-resistant tubes. PMSF and EDTA were used as spore protease inhibitors (Setlow, 1976) . Spore disruption was achieved in a FastPrep system (model 120A-230; Thermo Savant) with five pulses for 45 s at 6.5 m s 21 interspersed with incubations on ice for 1 min. Then the ruptured spores were incubated in 120 ml extraction buffer for 1 h at 4 uC. The suspension was centrifuged (30 min, 7500 g, 4 uC) and the pellet was re-extracted in 40 ml extraction buffer for 30 min at 4 uC. Both supernatants were pooled and dialysed for *36 h in acetylated dialysis tubing (molecular weight cut-off 3500 Da; Serva Electrophoresis) at 4 uC against 5 l acetic acid (1 %, v/v). The acetic acid was exchanged three times. Dialysed proteins were lyophilized (Labovac PK8S; Ilmvac) and dissolved in 15 ml acetic acid (1 %, v/v).
Activation of germination proteases by autoprocessing and specific cleavage of SASPs. The conversion of inactive zymogens into active proteases was reached using an autoprocessing assay as described by Carroll & Setlow (2005) . In brief, 3 mg purified zymogen was incubated overnight at 30 uC in autoprocessing buffer [100 mM 2-(N-morpholino)ethane-sulfonic acid (pH 6.2), 5 mM CaCl 2 , 10 % (v/v) glycerol, 50 % (v/v) DMSO]. Cleavage of SASPs using a method modified from Carroll & Setlow (2005) was analysed by mixing of recombinant SASPs (2 mg) or extracted spore proteins (4 mg) with the purified zymogen in a mass ratio of 1 : 5 (GPR) or 1 : 6 (YyaC), followed by incubation at 37 uC in autoprocessing buffer. At different time points of incubation, cleavage products were analysed by 10-20 % gradient SDS-PAGE followed by Coomassie brilliant blue staining or Western blot analysis.
Determination of the specific activity of GPR and YyaC. Protease activities of GPR and YyaC were analysed in detail using SspB and SspD with freshly prepared enzymes according to a method modified from Carroll & Setlow (2005) . SspB or SspD (2 mg) was incubated in autoprocessing buffer with the zymogen of GPR (SASP/protease mass ratio 1 : 5) or zymogen of YyaC (SASP/protease mass ratio 1 : 6) at 37 uC, respectively. At different time points in aliquots of 25 ml the reaction was stopped by the addition of 5 ml 2| SDS-PAGE loading buffer and stored at 220 uC. The samples were analysed in 10-20 % gradient SDS-PAGE stained with Coomassie brilliant blue, and cleavage products of SspB and SspD were recorded. Specific activity was determined after Carroll (2008) as: specific activity5mg SASP hydrolysed (mg GPR)
RESULTS
In silico data identify six SASPs in C. acetobutylicum
Hitherto, knowledge about SASPs of C. acetobutylicum was based on in silico analysis. In the genome the proteins encoded by cac2365 and cac2372 were assigned as 'SspA protein', those of cac1522 and cac1620 as 'SASP', and cac1487 as 'SASP Tlp' (Nölling et al., 2001) and, recently, the last was renamed 'Tlp' (http://www.ncbi.nlm.nih.gov/ protein/Q97IZ9.1). Our analysis identified a new and sixth gene, cac1663, to encode a further SASP, also suggested by Galperin et al. (2012) .
Generally, SASPs appear to be conserved within and between species (Setlow, 2007) , especially with respect to their N-and C-terminal consensus regions, which form a helix-turn-helix DNA-binding motif (Lee et al., 2008) . Based on our refined similarity searches, we suggest precise renaming of the SASPs of C. acetobutylicum based on BLAST identities (Table 1; Table S3 ) and the degree of conserved amino acids against the SASPs consensus motifs (Fig. 1) . The alignment of the SASP of C. acetobutylicum with SspA of B. subtilis (Fig. 1 ) revealed highest similarity for Cac2365, followed by Cac1620 and Cac1522. Thus, the respective proteins were termed SspA, SspD and SspB (Table 1 ). Cac2372 (termed SspF) had a significantly enlarged size of 10.1 kDa in comparison with 7.2 kDa of SspA, SspB or SspD (Table 1 ) and seemed to be more distantly related ( Fig. 1 ) (Galperin et al., 2012) . Regarding SASP consensus motifs, only slight similarities were obvious for Cac1663 and Cac1487 (Fig. 1) . The consensus matches in Cac1663 (51.4 %) and its overall identity of 25 % to SspH of B. subtilis lead to its classification as an SASP and its designation as SspH (Galperin et al., 2012) ( Table 1 ). In contrast, Cac1487 (termed Tlp) revealed 46 % identity to SASP Tlp of B. subtilis but hardly matched the SASP motifs (32.4 %).
Taken together, in silico analysis suggested SspA, SspB, SspD and SspF of C. acetobutylicum as SASPs, whereas SspH and Tlp disclosed less conserved DNA-binding motifs of a/btype SASPs of aerobic and anaerobic spore-formers (Setlow, 2007; Vyas et al., 2011) . In comparison with SASPs of B. subtilis, all those of C. acetobutylicum revealed a non-conserved enlarged spacer of 4-6 aa between the Nand C-terminal SASP motif ( Fig. 1) , which seems to be characteristic for SASPs of anaerobic spore-formers (Setlow, 2007) .
Transcription of ssp genes in C. acetobutylicum is controlled by forespore-specific sigma factors
In general, expression of SASPs is restricted to early sporulation during the development of forespores (Setlow, 1988) . Microarray data confirmed a similar expression pattern in B. subtilis (Steil et al., 2005; Wang et al., 2006) and in C. acetobutylicum (Jones et al., 2008) . Accordingly, C. acetobutylicum mRNA transcripts of ssp genes could be verified only in total RNA samples of sporulating cells (Fig. 2a) . The sspA gene revealed the highest amounts of mRNA transcripts, followed by sspB, tlp, sspD and sspF, whereas sspH was transcribed at low levels such that specific semi-quantitative RT-PCR products were barely seen in agarose gels. Moreover, transcription of all ssp genes of C. acetobutylicum depends on the master regulator Spo0A because no semi-quantitative RT-PCR products could be detected in the non-sporulating C. acetobutylicum spo0A mutant strain (Fig. 2b) .
As Spo0A triggers a cascade of sigma factors controlling sporulation (Stragier & Losick, 1996; Tracy et al., 2011) , the next step was determination of transcription start points of ssp genes using 59 RACE for the derivation of promoter structures. As an example, Fig. 3(a) shows the DNA region of the sspA gene highlighting the transcription start point 41 bp upstream of the start codon. The untranslated region of the mRNA comprises a ribosome-binding site at a typical distance of 6-7 bases upstream of the ATG codon (Vyas et al., 2011) and the upstream promoter region shows a 210 box and a 235 box with high similarities to the consensus of forespore-specific s G of C. acetobutylicum (Dürre, 2005) and s G of B. subtilis (Wang et al., 2006) . Remarkably, all derived ssp gene promoters of C. acetobutylicum revealed at least 4 of 5 nt identical to the s G 235 consensus box and 4 of 7 nt identitical to the s G 210 box (Fig. 3b) . Due to the binding motif, the tlp promoter seemed to be controlled by the forespore-specific s F of C. acetobutylicum (Paredes et al., 2004; Jones, 2011) . Downstream of each ssp gene a dyad-symmetrical DNA sequence is located, probably representing stem-loops of rho-independent transcription terminators (Connors et al., 1986; Vyas et al., 2011) (Fig. 3c) . We conclude that each ssp gene of C. acetobutylicum is organized as a monocistronic transcription unit and individually expressed in forespores only.
SspA, SspB, SspD, SspF and SspH but not Tlp of C. acetobutylicum protect DNA against enzymic degradation
The a/b-type SASPs bind DNA non-specifically at high density, leading to its protection against enzymic degradation Lee et al., 2008) . To analyse DNA protection by SASPs of C. acetobutylicum, each ssp gene was cloned into pT-catP (Fig. S1 ), thereby fused with a Strep-tag II and purified out of E. coli. Growth of E. coli strains expressing sspA, sspB, sspD or sspF was impaired (data not shown), indicating a potential toxic effect of these SASPs by DNA binding. Except SspF, all SASPs were purified to homogeneity (Fig. 4a) . In the case of Tlp at least two protein bands (Fig. 4) were observed by SDS-PAGE and confirmed by Western blot (Fig. 4b) and MALDI-TOF analysis (data not shown), respectively, indicating SDS-PAGE stable Tlp oligomers. SspF was expressed at very low levels, resulting in a co-purification of a biotin carboxyl carrier protein from E. coli (16.7 kDa) due to the Strep-tag system (www.iba-lifesciences.com).
DNA protection assays with the recombinant proteins showed that SspA, SspB, SspD and SspF completely protected linear plasmid DNA and chromosomal DNA (Fig. 5a , b, lanes 3-6) against degradation by nucleases. SspH showed poor protective function, because higher protein/DNA mass ratios (10 : 1 or 20 : 1) were needed to show a significant DNA protection (Fig. 5a , b, lanes 8 and 9). No DNA protection could be observed for Tlp, even when the protein/DNA mass ratio was increased to 20 : 1 (Fig. 5c, lane 12) . Thus, DNA binding and protection was convincingly demonstrated for SspA, SspB, SspD and SspF and to a lesser extent for SspH, whereas with respect to Tlp no DNA binding or protection could be observed in vitro.
GPR and YyaC of C. acetobutylicumautoprocessing of recombinant zymogens in vitro
SASPs are specifically cleaved by germination proteases to supply the new growing cell with amino acids for the start of protein synthesis (Setlow, 2003) . Similarity searches (data not shown) predicted Cac1275 (68 % identity to BMD_4557 of Bacillus megaterium) as a GPR-like protein and Cac2857 (59 % identity to BMD_5262 of B. megaterium) as a YyaC homologue, a GPR-related protease (see Introduction and Discussion). Both proteins were cloned into the pT-catP vector (Fig. S2 ) and fused with a Strep-tag II for purification out of E. coli (Fig. 6a) . GPRs usually are synthesized as inactive zymogens and become activated by autocleavage, thereby releasing an N-terminal propeptide (Sanchez-Salas & Setlow, 1993) . Accordingly, both clostridial proteases showed self-cleavage, and Western blot analysis confirmed shortenings at the N terminus between 1 and 4 kDa (Fig. 6a) . With respect to GPR (Cac1275, *36.5 kDa, Fig. 6a , lane 1) an additional lower protein band of *35.5 kDa appeared (Fig. 6a , lane 2) and in the case of the YyaC-like protease (Cac2857, *22 kDa, Fig. 6a , lane 3) self-cleavage resulted into two N-terminally shortened proteins of *20 and *18 kDa (Fig. 6a, lane 4) .
GPR and YyaC of C. acetobutylicum -proteolytic cleavage of SASPs
GPR of B. subtilis specifically cleaves a/b-type SASPs within a conserved pentapeptide sequence (EQIASE) after the first glutamic acid residue (Setlow, 1988) . Except for Tlp, all SASPs of C acetobutylicum contain a similar pentapeptide motif near the N terminus (Fig. 1) . To verify whether the autoprocessed Cac1275 (GPR) and Cac2857 (YyaC) function as germination proteases, we tested if they were able to cleave recombinant SspB and SspD of C. acetobutylicum.
Both enzymes revealed GPR-like activity, whereas the zymogens of the proteases were unable to cleave SASPs (data not shown) and activated enzymes had no activity on alternative substrates (Fig. S3) . In detail, Cac1275 (GPR) was able to cleave SspB within 5 min and SspD within 15 min of incubation (Fig. 6b) . The substrate specificity for SspB was set at 100 %, leading to a relative substrate specificity for SspD of 33.20 %. Accordingly, Cac2857 (YyaC) cleaved SspB and SspD within 1 h of incubation, resulting in substrate specificities of 6.92 % in comparison with GPR of C. acetobutylicum. These results confirmed a 5-to 14-fold faster degradation of SASP substrates by GPR in comparison with YyaC in vitro. Further proof of GPR and YyaC as germination proteases was provided by the specific disappearance of the *7 kDa protein band in assays with total protein extracts of dormant C. acetobutylicum spores (Fig. 6d , GPR, lanes 3 and 4, . RNA isolation and reverse transcription are described in Methods. PCR (30 cycles) was performed using gene-specific primer pairs (Table S1) and YyaC, lanes 7 and 8). MALDI-TOF analysis (data not shown) showed that the *7 kDa protein almost exclusively consisted of SspA, thus confirming SASP specificity of GPR and YyaC of C. acetobutylicum. Non-specific protease activity in extracted spore protein fractions could be excluded, because incubation for 24 h at 37 uC showed no protein degradation (Fig. 6d, lanes 2 and 6) .
DISCUSSION
Among the Clostridia, only in C. perfringens have four SASPs, termed Ssp1-4, been analysed in more detail. Three of them (Ssp1-3, 59-60 aa) are isoforms with about 90 % amino acid identity (Raju et al., 2007) and Ssp4 (90 aa) was detected later as it differs remarkably from Ssp1-3 in size and in amino acid identity (Li & McClane, 2008; Galperin et al., 2012) . Two nearly identical a/b-type SASPs (w90 %) also exist in B. subtilis (SspA/ SspB), B. megaterium (SspA/SspC) and Clostridium bifermentans (SASP-a/SASP-b), and these SASPs are predominant in acidic protein extracts of dormant spores (Setlow, 1975b; Johnson & Tipper, 1981; Cabrera-Martinez et al., 1989) . In contrast, C. acetobutylicum does not contain two or more highly identical SASPs (max. 45 % identity; Table S3 ) and the only predominant major SASP in protein extracts is SspA (11.15 % of total spore extracts). The in silico predictions revealed six different SASPs (Nölling et al., 2001; Galperin et al., 2012; present study) , and thus SASP complexity of C. acetobutylicum seems to be more related to B. subtilis than to C. perfringens.
With the exception of Tlp (Cac1487), all SASPs of C. acetobutylicum bind and thereby protect plasmid and chromosomal DNA against degradation by DNase I, supporting their annotation as a/b-type SASPs. For SspH, DNA protection was rather weak, probably due to the reduced degree of amino acid conservation to the SASP consensus consequently weakening the formation of a helix-turn-helix motif (Lee et al., 2008) . Whether, as in C. perfringens (Li et al., 2009) , different preferences of the respective SASPs for DNA exist remains to be examined.
A spore-specific function of all SASPs of C. acetobutylicum was evidenced by the fact that specific ssp transcripts could be verified only in sporulating cells and were absent in a mutant strain lacking Spo0A, the master regulator of sporulation (Dürre & Hollergschwandner, 2004) . These results are consistent with microarray data documenting ssp gene transcription exclusively after the onset of sporulation (Jones et al., 2008; Jones, 2011) . Correspondingly, all ssp genes showed s G -or, in the case of Tlp, s F -specific promoter structures similar to the respective ssp genes of B. subtilis (Driks, 2002 ).
An essential feature of a/b-type SASPs is their specific cleavage by spore proteases during germination (Hayes & Setlow, 2001) . GPR was first detected in B. megaterium (Setlow, 1976) , and it was expected for a long time to be the only activity responsible for site-specific cleavage of a/b-type SASPs (Setlow et al., 1980) . The existence of a second GPR-like activity was suggested after the observation that B. subtilis spores lacking GPR are still able, albeit more slowly, to degrade a/b-type SASPs and to form colonies (Postemsky et al., 1978; Sanchez-Salas et al., 1992) . GPR was classified as an atypical aspartic acid protease (Carroll & Setlow, 2005) and recently the yyaC gene product, which belongs to the s F regulon of B. subtilis (Steil et al., 2005; Wang et al., 2006) , was suggested as a putative GPR-like enzyme based on conserved aspartic acid residues similar to GPR (Carroll, 2008) . However, enzyme activity and substrate specificity of GPR were analysed only in B. megaterium and B. subtilis (Sanchez-Salas et al., 1992; Carroll & Setlow, 2005; Traag et al., 2013) . Our study confirms proteolytic activity of GPR (Cac1275) of C. acetobutylicum and for the first time, we believe, we demonstrate GPR-like activity for a YyaC homologue (Cac2857). Thus, C. acetobutylicum contains at least two germination proteases. In comparison with s F -dependent GPR of B. subtilis (Sussman & Setlow, 1991) , the gpr gene of C. acetobutylicum seems to be regulated by s G (Jones, 2011) and is predicted to be transcribed as an operon with spoIIP (Paredes et al., 2004) . Microarray data showed that GPR and YyaC are expressed parallel to SASPs (Jones et al., 2008) .
The GPR inactive zymogens (Hackett & Setlow, 1983) become activated by specific autocleavage within a conserved recognition sequence (DQLAVE) after an aspartic acid residue (Sanchez-Salas & Setlow, 1993) . Accordingly, autocleavage of GPR of C. acetobutylicum (Cac1275, *36.5 kDa) very probably takes place after the first aspartic acid residue D7 releasing a hexapeptide with a calculated relative molecular mass (M r ) of 0.7 kDa (without N-terminal methionine). This shortage was confirmed by the detection of a lower protein band with an apparent M r of *35.5 kDa. At the same time this result indicates that the lengths of GPR propeptides are not conserved because propeptides of B. megaterium (15 aa) and B. subtilis (16 aa) showed more than twice the size (Ponnuraj et al., 2000; Carroll, 2008) and the first 10 aa could be removed without significant changes of autoprocessing or enzymic activity (Pedersen et al., 1997) .
In contrast, up to now little was known about YyaC-like proteases. The overexpression of YyaC of B. subtilis failed (Carroll, 2008) and consequently no autocleavage or SASP-specific enzyme activity could be demonstrated. YyaC proteins do not contain a recognition motif similar to GPR for activation. If proteolytic cleavage of YyaC (Cac2857, *22 kDa) also depends on an aspartic acid residue, the first candidate might be D26 or D27. Cleavage would result in a propeptide with a calculated M r of 3.12-3.24 kDa (without the N-terminal methionine), which could be in agreement with the appearance of a smaller protein with an apparent M r of *20 kDa. Interestingly, in contrast to GPRs (present study; Sanchez-Salas & Setlow, 1993) , autocleavage of YyaC of C. acetobutylicum yielded two instead of one N-terminally shortened proteins. However, the exact cleavage sites remain unclear as does the question of whether both or only one of the cleavage products show enzyme activity.
In our approach, the respective protease zymogens had first to be activated in autoprocessing buffer and then degraded SASPs in the reaction mix (see Methods). Consequently, this two-in-one reaction resulted in lower activities compared with immediately active P 41 (Carroll & Setlow, 2005; Carroll, 2008) because of additional time used for activation of P 36.5 to P 35.5 and P 22 to P 20 /P 18 . Under the chosen conditions, YyaC protease activity in vitro was much slower than for GPR, despite activated protein bands of both proteases being detected within the first 5 min of the assay (data not shown). SASP-specific cleavage by YyaC could be observed soonest after *1 h, whereas cleavage by GPR occurred within 5 min (SspB) and 15 min (SspD).
A lower activity of YyaC might reflect the situation in B. subtilis (Sanchez-Salas et al., 1992; Traag et al., 2013) . Moreover, different substrate specifities of GPR in Bacillus have been discussed as a result of environmental and conformational changes compared with the situation in vivo (Setlow, 1976 (Setlow, , 1978 . By contrast, for immediately active P 41 or P 40 of B. megaterium, first cleavage of SspC could be demonstrated soonest after 5 min (Carrillo-Martinez & Setlow, 1994; Setlow & Setlow, 1995) , resembling our data for GPR and SspB.
Cleavage of the clostridial a/b-type SASPs by GPR or by YyaC probably occurs within the conserved N-terminal pentapeptide motif after a glutamic acid residue (Setlow et al., 1980) , releasing oligopeptide residues of 20-35 aa (Setlow, 1988) . However, the exact cleavage sites await confirmation by sequence analysis in future studies.
An enzymic function of GPR and YyaC of C. acetobutylicum as germination proteases was strongly supported by the finding that both enzymes cleaved native SASPs from dormant spores of C. acetobutylicum. The most abundant and thus the only major a/b-type SASP of the endosporeisolated proteins was SspA.
Together, our results indicate that five SASPs of C. acetobutylicum, namely SspA, SspB, SspD, SspF and SspH, represent a/b-type SASPs because of their ability to protect DNA and moreover SspB and SspD are specifically cleaved by GPR and YyaC. In contrast, Tlp (Cac1487) did not show essential features of a/b-type SASPs. Although a s F promoter (present study), transcription data (Jones et al., 2008) and tlp mRNA transcripts in dormant spores of B. subtilis (Keijser et al., 2007) indicate a spore-related function, the role of the Tlp remains unknown. Its assignment as a thioredoxin-like protein is confusing because it implies a function as a thioredoxin, and thioredoxins usually serve as small, ubiquitous redox proteins characterized by an active centre (C-G-P-C) with two redox-active cysteine residues (Holmgren, 1995; Qi & Grishin, 2005) . However, Tlp of C. acetobutylicum has only one cysteine residue and, additionally, nearly all Tlp homologues of other clostridia or bacilli do not contain even a single cysteine in the redox centre (data not shown).
